Introduction {#sec1}
============

Immunological memory is a unique property of the immune system as it can "store" information about a stimulus and can mount an effective response when the stimulus is encountered again. This response -- a secondary immune response -- is quicker and stronger than the primary response. It takes a smaller stimulus to trigger a secondary response and, what is more, it occurs even after many years since the first exposure. Immunological memory is an important mechanism that protects the organism from bacteria, viruses, fungi and parasites. It plays a significant role in understanding autoimmune diseases and is one of the decisive factors of successful treatment in transplantology. It is also crucial in vaccine therapy. The secondary immune response is dependent on many subpopulations of memory cells within T and B lymphocytes and NK (natural killer) cells.

T lymphocyte subpopulations, including memory T cells {#sec2}
=====================================================

Currently \[[@cit0001]\], T lymphocytes are subdivided into T helper cells (Th) (Th0, Th1, Th2, Th9, Th17, Th22, Tfh -- T follicular helper, nTh2 -- natural Th2), cytotoxic T cells (Tc) (Tc, NKT -- natural killer T cells, Tγδ and T CD8αα -- IEL -- intraepithelial lymphocytes, and among them natural IEL (nIEL) and induced IEL (iIEL)), regulatory T cells (Treg) (nTreg, iTreg, T~R~1, iT~R~35, T CD8^+^, including CD8^+^CD122^+^ and CD8^+^CD28^-^, and CD11c^+^CD8^+^), exhausted/tired and anergic T lymphocytes, other T lymphocytes (naïve T cells, CD4^+^ and CD8^+^) and memory T lymphocytes CD4^+^ \[[@cit0002]\] and CD8^+^ \[[@cit0003]\].

CD4^+^ memory T lymphocytes differentiate from naïve T cells towards short-lived CD4^+^ effector (Tem) memory T cells \[[@cit0004]\], whereas CD8^+^ memory T cells have a more linear development, as naïve T cells lose their potential to proliferate and increase that of differentiation, successively evolving to stem memory T cells (Tscm), central memory T cells (Tcm) and finally also effector memory T cells (Tem) \[[@cit0004]-[@cit0006]\]. The activation potential of T cells is triggered with a signal transmitted by their TCR receptors and MHC class II \[[@cit0002]\] or class I molecules \[[@cit0003]\], which occur on APCs (antigen presenting cells) \[[@cit0002], [@cit0003]\]. When T lymphocytes and APCs come into contact, the former receive other signals in their immune synapses conducive to proliferation, although many types of cytokines, IL-2 in particular \[[@cit0002], [@cit0003]\], accompany the process. Activated T cells undergo expansion and contraction and initiate the memory pool, with 90-95% of lymphocytes undergoing apoptosis during contraction and the remaining 5-10% differentiating into memory T cells \[[@cit0002], [@cit0003]\]. Then, memory T cells form central memory T cells (Tcm), effector memory T cells (Tem), tissue-resident memory T cells (Trm), regulatory T cells (mTreg) and stem memory T cells (Tscm) \[[@cit0002]\].

Central memory T cells (Tcm) and effector memory T cells (Tem) {#sec2.1}
--------------------------------------------------------------

Central memory T cells occur in secondary lymphoid organs, mainly in lymph nodes and tonsils, with the following molecules on their surface: CD45RO, CCR7, CD62L, CD44, CD27, CD28, CD95, CD122 \[[@cit0005], [@cit0007], [@cit0008]\] and LFA-1 (CD11a/CD18) molecules interacting with APCs \[[@cit0009]\]. Central memory T cells (Tcm) secrete IL-2, 4, IFNγ and TNF as well as CD40L ligand \[[@cit0010], [@cit0011]\]. Contrary to central memory T cells, effector memory T cells (Tem) inhabit chiefly non-lymphoid peripheral tissue types, including lungs, liver and intestines \[[@cit0008], [@cit0012]\], and are capable of recirculation between blood and tissue \[[@cit0013]\]. With CD45RO, CD44, CD95, CD122 molecules \[[@cit0007], [@cit0014]\] and KLRG1 protein (killer cell lectin-like receptor G1) on their surface, they do not express L-selectin (also known as CD62L) or CCR7 receptor \[[@cit0007]\]. They secrete proinflammatory cytokines, such as IL-4, 5 and IFNγ as well as granular perforin with granzyme B \[[@cit0012]\], which confirms their cytotoxic properties \[[@cit0003], [@cit0012]\]. The population of Tem cells with the CD4 marker, particularly with Th1 phenotype \[[@cit0015], [@cit0016]\], and CD8 receptor Tem cells \[[@cit0017]\] play an important role in chronic bacterial, viral and parasitic infections, as their effector functions are additionally strengthened by the effect of IFNγ \[[@cit0015], [@cit0018]\]. In infections with *Listeria monocytogenes*, *Salmonella typhimurium* and *Escherichia coli*, immune functions seem to be performed by CD8^+^ effector memory cells, amplified by the presence of acetates, e.g. acetyl-CoA released in such infections \[[@cit0019]\]. When the respiratory system is infected with SARS or MERS viruses, its tissue is colonized mainly by CD4^+^ T cells, with a Tem cell phenotype \[[@cit0018]\]. Upon re-exposure to an antigen, even though its concentration may be very low, they activate the natural mechanisms of the immune response. These cells also facilitate migration of dendritic cells (DC) to mediastinal lymph nodes and help direct to the lungs virus specific CD8+ T lymphocytes \[[@cit0018]\]. Both CD4^+^ and CD8^+^ effector memory cells (Tem) were demonstrated to be involved in each secondary immune response. Such cells vary in number and CD4^+^ cells expand less than CD8^+^ cells \[[@cit0020]\]. MacLeod *et al.* (2010) showed that during re-infection CD4 receptor lymphocytes do not aim at directly responding to a pathogen. Instead, through secretion of cytokines their role is to support other cells involved in the immune response.

Tissue-resident memory T cells (Trm) {#sec2.2}
------------------------------------

Trm cells occupy specific locations without recirculating and therefore are the first line of defense against pathogens, particularly in the digestive tract, the female reproductive system, lungs, the skin and in the brain \[[@cit0021]-[@cit0023]\]. Their response is faster and more effective than that of other memory T cells migrating to the location \[[@cit0023]\]. Trm cells have surface markers such as CD69 and CD 103 \[[@cit0024]\], for which E-cadherin is a ligand, found in endothelial cells, and whose presence conditions their population in tissues \[[@cit0023]\]. The feature is also conditioned by CD49a and α~E~β~7~ integrin, specific to intercellular bonds and adhesion structures \[[@cit0025]\]. CCR7 markers and S1P1 receptors (sphingosine-1-phosphate receptor 1), found in small quantities on the Trm cell surface, guarantee Trm cell colonization in their location. The cells are understood to have little or zero potential to recirculate \[[@cit0024]\], and similar to Tem cells they have high expression of CD44 and low levels of L-selectin \[[@cit0024]\]. Trm cells comprise CD4^+^ and CD8^+^ populations \[[@cit0021]\]. CD4 and CD8 Trm cells from the lungs and the brain also have CD103 receptors and show elevated levels of IFITM3 (interferon-induced transmembrane protein 3), controlled by ISG (interferon stimulated genes), which protects them from cell death by preventing these cells from infecting themselves \[[@cit0023]\].

CD8^+^ Trm cells evolve from common naive T cell precursors and their expansion quickly follows infection \[[@cit0021]\]. They do not express KLRG1, and only during their maturation can CD69 and CD103 markers be found on their surface \[[@cit0021], [@cit0025]\]. Their development does not depend on the presence of an antigen, but can be mediated by tissue cytokines, as is evidenced by intraepithelial Trm cells, found in the skin, in the female reproductive system and in intestines \[[@cit0021], [@cit0025], [@cit0026]\]. It is different in the case of CD8^+^ Trm lymphocytes inhabiting the brain, sensory ganglia and the lungs, which do need an antigen for the maturation of CD103 Trm cells \[[@cit0021]\]. What is more, the maturation of CD8^+^ Trm cells involves TGFβ (transforming growth factor β), TNFα (tumor necrosis factor α), IL-33 and 15 \[[@cit0021], [@cit0025]\]. CD8^+^ Trm lymphocytes isolated from the brain, skin and intestinal mucosa exhibit increased effector function as they are conducive to more intensive and faster synthesis of IFNγ, which facilitates the lysis of target cells \[[@cit0027]\]. The effect of CD8^+^ Trm on viruses seems to be stronger than that of common Tc lymphocytes \[[@cit0027]\]. Activated CD8^+^ Trm cells initiate antimicrobial defense, for example by inducing expression of antibacterial and antiviral genes, and facilitate the activity of APCs \[[@cit0021], [@cit0027]\]. CD8^+^ Trm cells were shown to activate NK cells and maturation of dendritic cells and affect migration of B and T cells to the location of infection using pathways dependent on IFNγ, TNF and IL-2R \[[@cit0021], [@cit0027]\]. The increase of the CD8^+^ Trm population in the CNS (central nervous system) of an aging organism was demonstrated \[[@cit0028]\] to weaken TNF production and to strengthen phagocytic activity of microglia in the CNS, which can slow down the aging processes of the brain.

Although the role of CD4^+^ Trm lymphocytes in tissue immune function has been less understood than that of CD8^+^ Trm lymphocytes, they seem to be equally important in the immune response in locations they occupy. CD4^+^ Trm lymphocytes commonly occur in non-lymphoid tissues, especially in the dermis. Their presence has been confirmed in the lungs, genital mucosa, intestines \[[@cit0024], [@cit0029], [@cit0030]\] and even in the salivary glands \[[@cit0029]\]. CD4^+^ Trm and CD8^+^ Trm cells are involved in the direct immune response and mediate how other cells migrate to tissues \[[@cit0030]\]. CD69 and CD11a markers were found on the surface of CD8^+^ Trm cells in mice and the Trm cell defining CD103 marker occurs only in cells populating the skin \[[@cit0030]\]. CD4^+^ Trm lymphocytes demonstrate the ability of a rapid immune response, and, like CD8^+^ Trm secrete IFNγ and IL-17 in the mucosa \[[@cit0030]\]. Research conducted on a mouse model \[[@cit0031]\] showed that, through IFNγ secretion and CD4^+^ T cell recruitment (Te, Tem and Tcm) to the site of infection, CD4^+^ Trm cells induce immunity in *Leishmania major* infections and are present in the skin, regardless of whether or not an antigen is present \[[@cit0031]\]. The cells were demonstrated \[[@cit0032], [@cit0033]\] to provide effective protection in successive infection of lungs with the influenza virus. For a short time after infection onset, they are able to produce different cytokines, including IFNγ \[[@cit0033]\].

In people infected with herpes viruses (HSV-1 and HSV-2), which e.g. infect vaginal mucosa in women, CD4^+^ Trm lymphocytes and CD8^+^ Trm cells \[[@cit0027]\] occur in large numbers, conditioning their fighting potential against infected cells through massive granzyme B secretion \[[@cit0023]\]. These cells are required to maintain skin homeostasis, as they release IL-15 and IL-17 in hair follicles \[[@cit0034]\]. IL-15 was shown to be a key element in keeping CD8^+^ Trm cells in the epidermis, with IL-17 playing a similar role for CD8^+^ and CD4^+^ Trm cells \[[@cit0034]\]. The role of CD8^+^ and CD4^+^ Trm cells in the course of psoriasis, baldness, albinism and transplant rejection was demonstrated \[[@cit0035]\]. The cells can be one of the causes of cutaneous T-cell lymphoma and its variants: mycosis fungoides and Sézary syndrome \[[@cit0035]\], although it is suggested that they play an important role in pathology of hard tumors \[[@cit0036]\]. Additionally, apart from CD4^+^ and CD8^+^ Trm cells, the potential to fight off infection is also provided by Treg lymphocytes, γδ T cells, natural killer T cells (NKT), including intraepithelial ones \[[@cit0024], [@cit0029]\] and innate lymphoid cells (ILC) \[[@cit0037]\]. Recent findings have shown that group 2 innate lymphoid cells (ILC2s) can be classified as immunological memory cells. Moreover, these cells share many features with memory T lymphocytes and memory NK cells \[[@cit0038]\].

Regulatory T lymphocytes (Treg), including memory regulatory T cells (mTreg) {#sec2.3}
----------------------------------------------------------------------------

Regulatory T lymphocytes comprise a subpopulation of diverse lymphocytes involved in maintaining immune homeostasis of an organism, in modulating the inflammatory response to antigens, in preventing autoimmune reactions and in inhibiting chronic infections \[[@cit0039]-[@cit0041]\]. Treg cells are also involved in the immune response in cancer development \[[@cit0042]\] and in immunosuppressive processes in grafting organs and tissues \[[@cit0043], [@cit0044]\]. Treg cells can be subdivided into natural regulatory T (nTreg) cells that are formed in the thymus and induced Treg (iTreg) cells which form in secondary lymphoid organs \[[@cit0045]\]. Moreover, nTreg cells can be subdivided into pTreg cells which develop peripherally and tTreg cells which develop in the thymus \[[@cit0046], [@cit0047]\]. tTreg cells make up a substantial part of mTreg cells and when activated with antigens in non-lymphoid tissues, they express Helios protein and neuropilin-1 (NRP-1). Upon the second exposure to an antigen, they tend to inhibit autoimmune reactions \[[@cit0047]\]. pTreg lymphocytes in intestines prevent an immune reaction against local commensal bacteria \[[@cit0047]\]. Apart from nTreg cells, which are subdivided into tTreg, pTreg and iTreg, the Treg group also comprises T~R~1 and iT~R~35 lymphocytes \[[@cit0001]\]. The former -- T~R~1 -- are cells without the FOXP3 marker, although CD3 and CD4 markers are found on their surface. They express ROG, a repressor of GATA-3, responsible for inhibition of their effector function and production of cytokines \[[@cit0001]\]. T~R~1, like iT~R~35 lymphocytes, do not express the FOXP3 marker but they produce substantial amounts of IL-10. iT~R~35 cells release IL-35 although they do not produce TGFβ, common to Treg lymphocytes \[[@cit0001]\]. T~R~1 cells are involved in immunotolerance, inflammatory and allergic processes as well as in bacterial and viral infections \[[@cit0001]\]. iT~R~35 cells display strong suppressive properties in infections and cancer \[[@cit0001]\]. All Treg lymphocytes can be subdivided into cells with CD4 and CD8 markers \[[@cit0048], [@cit0049]\]. CD4^+^ Treg cells also have the CD25 receptor \[[@cit0048], [@cit0050]\] and CTLA4 \[[@cit0040]\] and GITR \[[@cit0050]\] molecules, although their key marker is FOXP3 \[[@cit0051], [@cit0052]\]. Treg cells make up a subpopulation of nTreg cells \[[@cit0046]\], but more subpopulations are also defined \[[@cit0051]\] as they contain other markers, such as COS, TNFR2, OX40, 4-1BB, LAG-3, LAP, GARP and to a smaller degree CD127, CD6, CD26 and CD49d \[[@cit0041], [@cit0053]\].

Similarly, CD8^+^ Treg cells have their subpopulations owing to their respective markers: CD8^+^CD122^+^, CD8^+^CD28^-^, CD8^+^CD103^+^ \[[@cit0044]\] and CD11c^+^CD8^+^ \[[@cit0049], [@cit0054]\]. Those with CD8^+^CD25^+^FOXP3^+^ receptors form a very small subpopulation without a name \[[@cit0055]\]. These specific molecules occur on CD8+ Treg cells, define their phenotype, divide them into subpopulations and functionally bring them closer to Tcm cells \[[@cit0044], [@cit0056], [@cit0057]\]. For example, cells with CD8^+^CD122^+^ phenotype, which is compatible with Tcm cell phenotype, owing to their functions (transplant rejection inhibition) are classified as Treg cells \[[@cit0044], [@cit0056]\]. The regulatory properties of CD8^+^CD122^+^ Treg cells include secretion of immunosuppressive cytokines (IL-4, IL-10), transforming growth factor-β (TGFβ) \[[@cit0044]\] and regulating homeostasis through inducing apoptosis of activated T cells via interaction of Fas-FasL \[[@cit0056]\]. Importantly, the population of CD8^+^CD122^+^ Treg cells is characterized by different expression of the markers, which enables it to fulfill both Treg and Tcm cell functions \[[@cit0058]\]. Despite the fact that CD8^+^CD122^+^ Treg and CD8^+^CD122^+^ Tcm cells have the same receptors, they differ from one another in the presence or the lack of the PD-1 (programmed death receptor-1) molecule which is responsible for suppression of autoimmunity and for facilitating tolerance to antigens \[[@cit0057], [@cit0059], [@cit0060]\].

While discussing Treg lymphocytes, including CD4^+^ and CD8^+^ mTreg cells occurring in the skin, it was demonstrated that they express molecules typical for effector memory cells (Tem), i.e. the following markers: CD127, CD44, CD27, CCR6, and to a lesser degree the presence of L-selectin (CD62L) \[[@cit0061]\] and CD45RO receptor \[[@cit0062], [@cit0063]\]. Additionally, most CD4^+^ and CD8^+^ mTreg cells found in the lamina propria of mucosa in the small intestine had small concentrations of CD44 and CD45RB markers, which in terms of phenotype brings them closer to Tem cells \[[@cit0064]\]. It was also demonstrated that mTreg lymphocytes with a phenotype compatible with that of Tem cells can quickly migrate to non-lymphoid tissues, such as the liver and the lungs. Owing to that, they prevent these tissues from being damaged in a secondary infection \[[@cit0065]\]. Additionally, in successive viral infection, mTreg lymphocytes release substantial amounts of anti-inflammatory cytokines, e.g. IL-10, thereby controlling the excessive influence of CD4^+^ T lymphocytes \[[@cit0039], [@cit0064]\]. They were confirmed to be involved in a reaction against commensal bacteria occurring in human skin \[[@cit0066]\]. Although questionable, the role of mTreg cells was confirmed in pregnancy, during which the mother's body requires tolerance of the genetically different parental set of antigens in the fetus \[[@cit0067]\]. This goes back to the fact that mTreg cells formed in the first pregnancy display antigen specificity to fetal and parental antigens, and when pregnancy is terminated, they remain in the mother's body at a low level \[[@cit0068]\]. However, upon re-exposure to fetal antigens during the second pregnancy, they can quickly reproduce a population of Treg cells \[[@cit0066]-[@cit0069]\]. Through the immune tolerance of fetal tissues, the cells eliminate their rejection and therefore prevent miscarriage, premature birth and pre-eclampsia that may occur in successive pregnancies \[[@cit0069], [@cit0070]\]. Despite all these facts, the cells are not classified as "real" immune memory cells during pregnancy. Instead, they are understood to be a population of cells maintained at a constant, if low, level, which is the result of antigen stimulation of fetal cells which in the post-pregnant mother create microchimerism \[[@cit0067]\].

Memory T cells with stem cell-like properties (Tscm) {#sec2.4}
----------------------------------------------------

Tscm cells, like stem cells, have a great potential to regenerate themselves \[[@cit0006]\]. In the general population of CD4^+^ and CD8^+^ T cells, Tscm cells are found in small quantities and their phenotype is similar to that of naïve T cells. The following molecules are to be found on their surface: CD45RA, CCR7, CD27, CD62L (L-selectin), CD95, CD122 (markers of other memory cells), and SCA1, BCL-2 (B-cell lymphoma 2), IL-2Rβ receptor \[[@cit0006]\], CCR3 and CCR4 \[[@cit0005], [@cit0007]\]. There is a lack of or small quantities of the following markers: CD45RO \[[@cit0005], [@cit0067]\], CD38, CD31 \[[@cit0005]\] CD44 \[[@cit0006]\] and CD95 present on their surface through interaction with the Fas ligand induces cell apoptosis. However, when CD95 interacts with transcription factor TCF (T-cell factor), the β-catenin signal pathway is activated, which plays a role in the cell self-renewal process \[[@cit0006]\]. Il-7 and 15 are factors facilitating expansion and unlimited generation of Tscm cells \[[@cit0005]\]. Tscm lymphocytes, like Tcm and Tem cells, have the ability of a quick response following stimulation with viral antigens and can respond to autoantigens generated in tumorigenesis \[[@cit0006]\].

Subpopulations of B lymphocytes, including memory B cells {#sec3}
=========================================================

B cells can be subdivided into B1 and B2 lymphocytes \[[@cit0011], [@cit0071]\], IRA B cells (innate response activator B cells) \[[@cit0071], [@cit0072]\], regulatory B (Breg) lymphocytes and memory B cells (Bm) \[[@cit0071], [@cit0073]\].

B1 (B1a and B1b) lymphocytes differentiate from precursor cells in fetal liver and do not occur in the bone marrow of adult humans \[[@cit0011]\]. CD19, B220, IgM, CD43 molecules and expression of the CD5 marker are found on their surface, which regulates the B1a subpopulation, as those without the CD5 marker form a B1b subpopulation \[[@cit0071]\]. B2 lymphocytes occur in adults, evolve from bone marrow stem cells and recirculate between blood and secondary lymphoid organs \[[@cit0011]\]. Apart from expressing markers specific for B1 cells, i.e. CD19, B220, IgM, CD43, they have also CD21 and CD23 markers, forming a subpopulation of follicular B2 cells \[[@cit0071]\], as those without CD21 and CD23 are classed as marginal zone (MZ) B2 lymphocytes and occur in the marginal zone of the white pulp of the spleen \[[@cit0071]\].

The third population of B lymphocytes comprises innate response activators (IRA), a subset related to B1a cells \[[@cit0071]\]. The cells express on their surface CD43, CD23, CD93 markers and display high expression of IgM. They can also produce GM-CSF (granulocyte-macrophage colony-stimulating factor) \[[@cit0071]\], which activates monocytes, macrophages and neutrophils \[[@cit0072]\]. The fourth population of B lymphocytes comprises Breg cells, which are characterized by substantial phenotypic diversity, as they are made up of many cell subpopulations \[[@cit0071], [@cit0073]\]. In humans and mice, subpopulations of cells have been isolated among regulative B lymphocytes \[[@cit0074]\]. Breg cells in mice were subdivided into seven subtypes based on the suppression mechanism, meaning IL-10 production, and these are T2-MZP B lymphocytes (transitional 2-marginal zone precursor cells), marginal zone B lymphocytes, B10 and B-1a cells, GIFT-15 cells, plasmablast and TIM-1^+^ B cells. In addition, the subpopulation of Breg is distinguished, in which IL-35 produced by them contributes to the suppression of the immune response. It has also been found that the mouse Breg family includes killer B lymphocytes, expressing the Fas ligand (FasL) and one expressing PD-L1 programmed death receptor-1. Breg cells are also eligible for the B220^+^CD39^+^CD73^+^ phenotype, in which adenosine is also involved in the suppression mechanism, which also participates in T-cell effector suppression \[[@cit0074]\]. In contrast, in humans \[[@cit0074]\], seven subtypes of Breg lymphocytes have also been distinguished, which show a much more diverse mechanism of suppression of the immune response than mice. Human regulatory B cells that secrete IL-10 are B10 cells and plasmablasts with CD27^int^CD38^hi^ phenotype and immature B cells with CD19^+^CD24^hi^CD38^hi^ phenotype that act by secretion of IL-10 and based on expression of PD-L1. The fourth Breg subpopulation in humans consists of Br1 lymphocytes acting by secretion of IL-10 and allergen-specific IgG4 antibodies and which furthermore participate in inhibiting CD4^+^ T cell proliferation. The other subtypes of human Breg lymphocytes were distinguished based on the ability to express granzyme B, indoleamine 2,3-dehydrogenase (IDO) (GrB^+^ B cells) and TGF-β (iBregs). Among human Breg, as in mice, mucosal subtypes have been identified that express ectoenzymes and receptors CD39 and CD73 responsible for adenosine dephosphorylation catalysis \[[@cit0074]\]. They display immunosuppressive and modulating functions and through release of IL-10 and 35, TGFβ factor, together with T cells, NKT, monocytes and DC, they affect the immune response \[[@cit0073], [@cit0075]\]. These secreted cytokines affect the reduction of APC cell function and decrease the effector T cell response and Treg induction \[[@cit0075]\]. In addition, Breg lymphocytes can induce apoptosis of target cells by intercellular mechanisms as a result of the ligand of FasL and PD-L1 \[[@cit0075]\]. It is believed that the main function of Breg lymphocytes associated with IL-10 production is associated with inhibition of inflammation and homeostasis, and the role of IL-35 in autoimmune disease, including autoimmune encephalomyelitis (EAE) \[[@cit0075]\]. In turn, the role of Breg cells through the TGFβ factor produced by these lymphocytes is associated with the development of Treg lymphocytes, which is reported to be a factor for diabetes, allergic diseases, colitis, and the development of tolerance to transplantation \[[@cit0076]\]. It has also been shown that Breg lymphocytes, by secretion of large amounts of IL-10, may be essential for the course of pregnancy and prevention of inflammation as a result of inhibition of monocytes and macrophages, as well as the suppression of secretion of proinflammatory cytokines and chemokines \[[@cit0076]\]. Studies have shown that in the context of Breg lymphocytes, the presence of these cells within the tumor as well as in the lymph nodes leads to immunosuppression, causing inhibition of the immune response and subsequent tumor cell proliferation and metastasis \[[@cit0076]\].

Memory B lymphocytes {#sec3.1}
--------------------

Bm lymphocytes are cells involved in the secondary innate humoral immune response. They also, like other B cells, produce antibodies after the first exposure with an antigen and then produce large amounts of antibodies shortly after another exposure to the same antigen \[[@cit0077]\]. The secondary innate humoral immune response, upon the second exposure to the antigen, relies on quick production of antibodies with changed isotypes, with high affinity of BCR (B cells receptor) to the antigen \[[@cit0078]\]. Memory B cells can be formed in two T cell-dependent mechanisms: in the first, they differentiate into short-lived plasma cells \[[@cit0077], [@cit0079]\] and in the second, they are formed and differentiate in dependent or independent germinal centers of peripheral lymphoid organs \[[@cit0078]\]. In these secondary lymphoid organs, once B and T cells have migrated, together with DC, the presentation of an antigen takes place. Activated cells migrate to lymphoid nodules where at their boundary zone their interaction occurs to verify affinity of antigens presented by DC \[[@cit0078]\]. In the next phase, activated B lymphocytes undergo proliferation and some of them differentiate into short-lived antibody-releasing plasma cells and some develop into memory B cells, independent of GC sites and finally others migrate to differentiation sites \[[@cit0078], [@cit0080]\]. In the case of cells that have not been included in GC sites, B cell differentiation \[[@cit0078], [@cit0080]\] can start from activated CD28 and GL7-expressing precursor cells \[[@cit0078], [@cit0080]\]. In differentiation sites, in the dark zone, clonal expansion of antigen-specific B cells and BCR differentiation take place \[[@cit0078], [@cit0080]\]. Some B cells from the dark zone of GC migrate to the light zone, where, together with FDC (follicular dendritic cells) and Tfh lymphocytes, there occurs differentiation of memory B cells into GC site dependent memory cells and long-lived plasma cells. Some cells migrate back to the dark zone of differentiation sites \[[@cit0078], [@cit0080]\]. Differentiation of memory B lymphocytes in GCs can be regulated by signals produced by Tfh cells, i.e. the following proteins: CD40L \[[@cit0078]\], SAP (SLAM-associated protein), ICOS (inducible T cell costimulator) and BCL-6 (B cell lymphoma 6) \[[@cit0080]\]. Bm cells are characterized by changing metabolism, from anabolic to catabolic, which reduces requirements for growth factors, i.e. cytokines \[[@cit0078]\]. Bm lymphocytes express BCL-2, an apoptosis preventing protein. Their production of BIM/BCL2L11 (BCL-2-like protein 11) decreases \[[@cit0078]\]. Bm lymphocytes can be produced not only during the T cell regulated immune response, but also from conventional marginal B2 lymphocytes, in the marginal zone of spleen white pulp \[[@cit0078]\]. B1 lymphocytes are also involved in Bm cell generation as B1 lymphocytes are most numerous in the peritoneal cavity and to a lesser degree present in the spleen, where they are responsible for identification of both their own cellular components and bacterial antigens \[[@cit0078]\]. B1 cells, together with B2 marginal zone cells, regulate the primary synthesis of IgM natural antibodies \[[@cit0081]-[@cit0084]\]. It was also demonstrated that B1a and B1b lymphocytes can produce memory cells, since B1a cells form immune memory towards glycolipid (FtL) from *Francisella tularensis* and B1b cells form memory pools of *Streptococcus pneumoniae* and *Borrelia hermsii* \[[@cit0078]\]. Bm cells evolved from differentiating B1a and B1b cells were found mainly in the peritoneal cavity, but also in the spleen, tonsils and peripheral blood \[[@cit0079]\]. Bm cell formation is dependent on hereditary and epigenetic regulations \[[@cit0085]\] -- following gene expression controlled by DNA methylation, histone modifications or interaction of non-coding miRNA, plasma cells and Bm lymphocytes can be produced from B lymphocytes \[[@cit0085]\]. The *Pax5* and *Spib* genes are expressed in memory B cells, which may be related to their differentiation from naïve B cells. The origin of Bm cells is also regulated by the presence of some enzymes, such as methyltransferase, acetyltransferase \[[@cit0085]\] and IL-10, which facilitates differentiation of plasma cells and antibody secretion from memory B cells \[[@cit0086]\].

Such diverse mechanisms of Bm cell formation mean that they comprise many types of lymphocytes, which differ from one another in their properties. The classic Bm cell population comprises IgM^+^ B cells, with CD19, CD27 and CD80 markers on surface. They originate in GCs \[[@cit0079], [@cit0086]\]. These lymphocytes are able to change antibody class and to differentiate into long-lived plasma cells \[[@cit0010]\]. They play an important role in immunity against bacteria producing polysaccharide capsules \[[@cit0079]\] and in forming immune memory of MSP1 (merozoite surface protein 1) *Plasmodium chabaudi* \[[@cit0087]\]. Research confirmed that in successive infection with *P. chabaudi,* IgM^+^ Bm cells belonging to mice that were formed after the first exposure to the antigen were able to differentiate into antibody-synthesizing cells, i.e. T cell-regulated plasmablasts, and into plasma cells, independent of T lymphocytes \[[@cit0087]\]. Other memory B cells are IgG^+^CD27^+^ Bm cells, among which there are IgG1, IgG2, IgG3 and IgG^+^ CD27^-^ memory cells, with subclasses of IgG1 and IgG3 \[[@cit0079]\], and also IgA^+^ \[[@cit0079]\] and IgE^+^ Bm cells \[[@cit0078]\]. IgM^+^CD27^-^ Bm cells were found in human tonsils. They express FCRL4 (Fc receptor-like-4) and are able to quickly differentiate into plasma cells. They are closely linked to MALT (mucosal associated lymphatic tissue) \[[@cit0079]\]. Their presence and significance was demonstrated in chronic hepatitis C and malaria \[[@cit0078]\]. Another study describes the role of Bm cells present in Peyer's patches in adaptation of secretory immunoglobulin A (SIgA) antibodies to intestinal microflora. Therefore, it is assumed \[[@cit0088]\] that Bm cell populations guarantee the stability of the immune system response of the host against its own microflora. The study \[[@cit0088]\] also showed that plasma cells present in mammary glands can be produced from Bm cells, which originated following the primary immune response. It explains why antibodies present in mother's milk can recognize intestinal bacterial antigens \[[@cit0088]\]. Bm lymphocytes with CD38, CD73, CD80, CD273, CD69 and CXCR3 molecules on the surface display affinity to lung tissue. During influenza virus reinfection, their populations inhabiting the lungs can quickly differentiate into plasma cells secreting IgG and IgA, antibodies neutralizing influenza hemagglutinin. That provides a quick immune response to the pathogen \[[@cit0089]\]. Bm cells were shown to play a role in the response to stimulation with monovalent hepatitis B vaccine \[[@cit0010]\].

Research into Bm lymphocytes showed two subclasses within so-called TLM B (tissue-like memory B cells) \[[@cit0090]\], which express FCRL5 (Fc receptor-like-5). It is a cell population in a state of exhaustion and directed to apoptosis \[[@cit0090]\]. These cells \[[@cit0090]\] are able to produce protective antibodies in malaria, and their involvement in chronic inflammatory diseases is suggested \[[@cit0090]\]. To sum up, the main features of Bm cells are their potential for a very long "life" and an extensive response in the secondary exposure to an antigen, which is crucial in successful application of vaccines \[[@cit0078]\]. The ability of Bm cells to mount a quick secondary response results from their potential to differentiate into plasma cells, and particularly into IgG^+^ Bm cells, which are effective in fighting off infection \[[@cit0086]\]. Another important property of Bm cells is that they are long-lived, which is regulated by follicular dendritic cells (FDCs) \[[@cit0091]\]. In the case of IgG2a^+^ and IgA^+^ Bm lymphocytes, their survival also depends on T-bet (T-box transcription factor) \[[@cit0078], [@cit0092]\], crucial for Th1 development and functioning, and RORα (retinoic acid receptor-related orphan receptor α) \[[@cit0078], [@cit0092]\]. T-bet, expressed in B cells through pathways regulated by STAT1 (signal transducer and activator of transcription 1) and ETS1 (transcription factor), is the key factor regulating survival of IgG2a^+^ Bm cells and their migration to sites of inflammation \[[@cit0092]\].

Subpopulations of NK cells, including memory NK cells {#sec4}
=====================================================

NK cells are basically cells of the innate immune system and are crucial in the defense of the host against pathogen-induced infections, mainly viral infections. They are also involved in fighting off cancerous cells. Due to their ability to release inflammatory cytokines, growth factors, and chemokines NK cells can kill infected and neoplastically transformed cells \[[@cit0093]-[@cit0095]\]. NK cells originate in bone marrow stem cells. They are characterized by CD16 and CD56 markers \[[@cit0001]\] and their expression differentiates them into two main subpopulations: NK1 and NK2 \[[@cit0096]\]. NK1 cells show moderate expression of CD56 and a high level of CD16. Their phenotype is defined as CD56^dim^CD16^+^ and they are considered to be mature NK cells, which inhabit mainly blood and the spleen \[[@cit0095], [@cit0097]\]. The CD122/132 (IL-2Rβ) marker and CXCR1, CX3CR1 and ChemR23 chemokine receptors are found on their surface \[[@cit0098]\]. The cells secrete perforin, a cytolytic factor \[[@cit0097]\], and have much greater cytotoxic potential than NK2 cells \[[@cit0097], [@cit0098]\]. The latter display high expression of the CD56 marker, with no CD16 molecules on their surface. Their phenotype is defined as CD56^high^CD16^-^. They much more commonly inhabit secondary lymphoid organs, in particular lymph nodes and tonsils \[[@cit0095], [@cit0097]\]. CD117/c-kit, CD25 (IL-2Rα), IL18Rα \[[@cit0098]\], CCR7 chemokine receptor and L-selectin (CD62L), found on the surface, regulate their migration from blood to secondary lymphoid organs \[[@cit0097], [@cit0098]\]. On both types, i.e. NK1 and NK2, there are natural cytotoxicity receptors (NCRs), including NKp46, Nkp30, NKp44 \[[@cit0097], [@cit0099]\], NKG2D (natural killer group 2, member D) receptors and DNAM1 (DNAX accessory molecule 1), an adhesion molecule which can identify molecules formed under stress (danger) and upon exposure to viral antigens \[[@cit0015]\] -- VSV (vesicular stomatitis virus), VLPs (virus-like particles) -- the influenza virus hemagglutinin and Gag and Env proteins of the HIV-1 virus \[[@cit0100]\]. The cells also express receptors not regulated by RAGs (recombination-activating genes), which are responsible for their interaction with pathogens or stress-induced auto-antigens \[[@cit0101]\]. NK cells, on their surface also have killer Ig-like receptors (KIR) and CD94/NKG2A molecules, which identify HLA class I histocompatibility antigens \[[@cit0097], [@cit0099]\]. NK cells may be induced by cytokines, e.g. IFNα and IL-12, 15 and 18 \[[@cit0096]\]. Their cytotoxic properties are linked to granularity and secretion of large quantities of IFNγ and other growth factors, such as TNF, GM-CSF and the CCL4 ligand, which significantly regulates the immune response \[[@cit0099]\].

Memory NK cells {#sec4.1}
---------------

Currently, NK cells are thought to have a cell subset with memory properties, following stimulation with haptens or viruses \[[@cit0102]-[@cit0104]\] and generated independent of antigens, only as a result of "memory" of proinflammatory cytokines \[[@cit0102], [@cit0104]-[@cit0106]\]. Research conducted on mice \[[@cit0107]\] showed that 70 days after infection with murine cytomegalovirus (MCMV) NK cells were identified in the mice. The cells have on the surface, similar to naïve NK cells, the Ly49H^+^ receptor, the difference being that in memory NK cells the expression of the receptor is much higher \[[@cit0107]\]. The lymphocytes show high expression of KLRG1, CD43, Ly6C molecules and slightly lower expression of CD27, which phenotypically brings them closer to common memory T cells \[[@cit0107]\]. "Memory-like" NK cells are specific to m157 viral factor, a protein of MCMV (mouse cytomegalovirus) \[[@cit0104], [@cit0106], [@cit0108]-[@cit0110]\]. They are also sensitive to proinflammatory cytokines secreted by DC \[[@cit0106]\]. The cells exhibit much higher expression of IFNγ coding genes \[[@cit0107]\], which indirectly regulates their cytotoxicity, e.g. in infections with human influenza A virus \[[@cit0111]\]. They populate not only the liver, but also blood, the spleen and kidneys \[[@cit0111]\] and may recreate a pool of antigen specific cells \[[@cit0107]\]. Memory NK cells were found to display specificity towards CXRC6-regulated haptens in the liver \[[@cit0108], [@cit0109], [@cit0112]\]. Although CXRC6 is not required for the cells to be able to identify antigens, it seems to be involved in maintaining the effector functions of memory NK cells and ensures their survival \[[@cit0112]\]. The immune response, with the involvement of NK cells, was demonstrated on the skin and in tissues in contact with viral antigens \[[@cit0113]\]. NK cells found in pleural effusion in patients infected with *Mycobacterium tuberculosis* contained the CD45RO marker, which shows that the cells have phenotypic affinity to memory T lymphocytes. The presence of the CD45RO marker seems to play a role in amplifying the immune response, in which IL-12-induced NK cells (phenotypically similar to memory T cells) release larger amounts of IFNγ \[[@cit0114]\]. IL-12 activates STAT4 (signal transducer and activator of transcription 4), involved in expansion and formation of the cells \[[@cit0109]\]. Apart from memory NK cells being present following the response to specific viral antigens, cytokine-dependent memory NK cells were found, independent of the presence of antigens \[[@cit0093]\]. Research conducted on mice showed \[[@cit0115]\] that NK cell activation with IL-12 and 18 in the presence of IL-15 resulted in formation of an NK lymphocyte population able to release IFNγ \[[@cit0102], [@cit0106], [@cit0115]\]. Additional activation with IL-12, 18 and 15 led to formation of memory NK cells and their daughter cells. Research \[[@cit0115], [@cit0116]\] suggests that the mechanism of cell generation does not require their cell cycle to be performed, which makes their "memory" seem to be hereditary. Formation of NK cells also involves BCL-2 (B-cell lymphoma 2) and BIM/BCL2L11 (BCL-2-like protein 11) -- proteins active in apoptosis and BNIP3 (Bcl-2 nineteen-kilodalton interacting protein 3) and BNIP3L (BNIP3-like) -- proteins active in autophagy \[[@cit0093], [@cit0109]\]. It was demonstrated that even in undisturbed homeostasis, exposure of NK cells to cytokines resulted in formation of memory NK cells \[[@cit0115]\]. Memory NK cells in humans and in mice show a different phenotype conditioned by factors that activate them \[[@cit0105], [@cit0116]\]. Human memory NK cells express CD94/NKG2C \[[@cit0102], [@cit0111], [@cit0116]\], CD57 \[[@cit0105], [@cit0111]\], CG69, SYK, EAT2 and KIRD2DL markers \[[@cit0105]\]. Memory NK cells in mice express THY1, LY49C or LY49l and CXCR6 \[[@cit0103]\], LY49H, CD11b, KLRG1 and LY6C. The cells exhibit low expression of CD27 \[[@cit0107]\], although some research \[[@cit0105]\] found NKp46, DX5 and CD43 markers.

Conclusions {#sec5}
===========

Research on memory cells of the immune system has been crucial to the discovery of new subpopulations of immune system cells and to the understanding of their new functions. It also sheds light on their as yet unknown role in physiological and pathological states. New data on the scope of immunological memory may be instrumental in developing new standards of treatment for many diseases, including autoaggressive diseases and cancer.
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